Continuing the experimental (anilinolyses 1 and pyridinolyses 2 ) and theoretical studies 3 on the phosphoryl transfer reactions, the reactions of Y-O-aryl methyl phosphonochloridothioates with X-pyridines in acetonitrile at 35.0 ± 0.1 o C (Scheme 1) have been carried out kinetically to gain further information into the phosphoryl transfer reactions and substituent effects of the nucleophiles and substrates on the reaction mechanism, as well as to compare with the relevant pyridinolyses of R 1 R 2 P(=S)Cl-type substrates in MeCN.
Continuing the experimental (anilinolyses 1 and pyridinolyses 2 ) and theoretical studies 3 on the phosphoryl transfer reactions, the reactions of Y-O-aryl methyl phosphonochloridothioates with X-pyridines in acetonitrile at 35.0 ± 0.1 o C (Scheme 1) have been carried out kinetically to gain further information into the phosphoryl transfer reactions and substituent effects of the nucleophiles and substrates on the reaction mechanism, as well as to compare with the relevant pyridinolyses of R 1 R 2 P(=S)Cl-type substrates in MeCN.
The pseudo-first-order rate constants observed (k obsd ) for all reactions obey eq. (1) with negligible k 0 (≈ 0) in MeCN. The second-order rate constants were determined with at least five pyridine concentrations [XC 5 H 4 N] . No third-order or higher-order terms were detected, and no complications were found in the determination of k obsd or in the linear plot of eq. (1). This suggests that there is no base-catalysis or noticeable side reactions, and the overall reaction follows the path given by Scheme 1.
The second-order rate constants [k 2 (M -1 s
)] are summarized in Table 1 , together with selectivity parameters, ρ X , β X , ρ Y , and ρ XY . The β X values were determined using pK a values in water; the slopes from the plots of log k 2 (MeCN) against pK a (H 2 O). Justification of this procedure has been experimentally and theoretically provided.
6 The substituent effects in the nucleophiles and substrates on the rates are compatible with those for a typical nucleophilic substitution reaction with positive charge development at the nucleophilic N atom (ρ X < 0 and β X > 0) and negative charge development at the reaction center P atom (ρ Y > 0) in the transition state (TS). However, the Hammett (log k 2 vs σ X ) and Brönsted [log k 2 vs pK a (X)] plots for substituent X variations in the nucleophiles exhibit a break region between X = H and 3-Cl, resulting in discrete two parts with one part for the strongly basic pyridines (X = 4-MeO, 4-Me, 3-Me, H) and the other part for the weakly basic pyridines (X = 3-Cl, 3-Ac, 4-Ac), respectively (Fig. 1) . The Hammett plots (log k 2 vs σ Y ) for substituent Y variations in the substrates are biphasic downwards with a break point at Y = H (Fig. 2) . 
Notes
It should be noted that the β X values for the weakly basic pyridines are calculated from the two pyridines with X = 3-Cl and 4-Ac, excluding X = 3-Ac, since the sequence of the magnitudes of σ X and pK a (X) values of 3-Cl, 3-Ac, and 4-Ac substituent is not consistency: σ X = 0.37 (3-Cl) < 0.38 (3-Ac) < 0.50 (4-Ac) whereas pK a (X) = 2.38 (4-Ac) < 2.81 (3-Cl) < 3.26 (3-Ac). The β X values obtained with the two weakly basic pyridines may be more or less overestimated, however, the tendency of the substituent X effects with the weakly basic pyridines can be discussed by the magnitudes of ρ X values together with the β X values. The magnitudes of ρ X (= -7.01 to -8.05) and β X (= 2.08-2.38) values with the weakly basic pyridines (X = 3-Cl, 3-Ac, 4-Ac) are greater than those (ρ X = -3.20 to -5.06 and β X = 0.66-1.04) with the strongly basic pyridines (X = 4-MeO, 4-Me, 3-Me, H), indicating greater degree of bond formation (or greater positive charge development on the nucleophilic N atom) for the weakly basic pyridines than for the strongly basic pyridines. Furthermore, the magnitudes of ρ X and β X values with the weakly basic pyridines are not only great but also nearly constant (ρ X = -7.10 ± 0.09 and β X = 2.10 ± 0. The cross-interaction constants (CICs; ρ XY ), eqs. (2), are determined, where X and Y represent the substituents in the nucleophile and substrate, respectively.
7 The sign and magnitude of the CICs have made it possible to correctly interpret the reaction mechanism and degree of tightness of the TS, respectively. In general, the ρ XY has a negative value in a stepwise mechanism with a rate-limiting bond formation and a concerted S N 2. In contrast, it has a positive value for a stepwise mechanism with a rate-limiting leaving group expulsion from the intermediate. The magnitude of ρ XY is inversely proportional to the distance between X and Y through the reaction center.
Since both Hammett plots for substituent X and Y variations are biphasic with a break region and point, respectively, four values of ρ XY can be obtained by dividing into four blocks: (a) ρ XY = -1.76 (r = 0.941) for the stronger nucleophiles and weaker electrophiles (X = 4-MeO second-order rate constants for a and c blocks, and with nine for b and d blocks;
8 (ii) the correlation coefficients, r (≤ 0.98), for a, b, and c blocks are not tolerable; (iii) moreover, the constancy of ρ X and ρ Y values with the weakly basic pyridines (vide supra) leads to unacceptable sign of ρ XY values for b and d blocks (despite r = 0.996 for d block). Consequently, the signs of ρ XY for a and c blocks can be acceptable while those for b and d blocks cannot be acceptable to discuss the reaction mechanism. In other words, the magnitude of ρ XY is null for the weakly basic pyridines, b and d blocks.
The null of ρ XY value suggests the absence of the crossinteraction between X and Y. This phenomenon can be occurred: (i) X and Y are too far apart to interact; (ii) the distance between X and Y does not vary. Thus, the null of ρ XY value indicates a special stepwise mechanism with a rate-limiting bond breaking where the distance between X and Y does not vary from the intermediate to the second TS. It is worth noting that the magnitudes of ρ X and β X values involving a frontside attack TSf are greater than those involving a backside attack TSb (Scheme 2). The authors propose mechanism for the studied reaction system, divided into four blocks, as follows: (a) a stepwise mechanism with a rate-limiting bond formation based on the negative sign of ρ XY and a backside attack TSb (Scheme 2) based on the relatively small magnitudes of ρ X and β X ; (b) a stepwise mechanism with a rate-limiting leaving group departure from the intermediate based on the null of ρ XY value and a frontside attack TSf (Scheme 2) based on the considerably great magnitudes of ρ X and β X values; (c) a stepwise mechanism with a rate-limiting leaving group departure from the intermediate based on the positive sign of ρ XY , and a backside attack TSb on the basis of relatively small magnitudes of ρ X and β X values; (d) a stepwise mechanism with a rate-limiting leaving group departure from the intermediate based on the null of ρ XY value and a frontside attack TSf on the basis of the considerably great magnitude of ρ X and β X values. The greater magnitudes of ρ Y values with the weaker electrophiles (a and b blocks) indicate the smaller degree of bond breaking, suggesting the tighter TS with the weaker electrophiles than with the stronger electrophiles (c and d blocks).
In the present work, the unusual results should be stressed regarding the magnitudes of the ρ X , β X , and ρ XY values with the weakly basic pyridines: (i) the studied system is the only one having significantly greater magnitudes of the ρ X and β X values compared to with the strongly basic pyridines (Table  2) ; (ii) the studied system is the only one having the null of ρ XY values for both the stronger and weaker electrophiles (Table 2 ): (iii) the null of ρ XY value implies that the distance between X and Y for any kind of substituents X and Y is invariable in the TS. (iv) the null of ρ XY value with the whole spectrum from electron-donating to -withdrawing Y substituents is observed for the first time. Table 2 shows the second-order rate constants with unsubstituted pyridine at 35.0 o C and selectivity parameters (β X and ρ XY ) for the pyridinolyses of R 1 R 2 P(=S)Cl-type substrates in MeCN. The sequence of the row is the order of the second-order rate constant. In Table 2 , only the pyridinolyses of Y-O-aryl phenyl phosphonochloridothioates (2) exhibit linear free energy correlation for both substituent X and Y variations. In contrast to the present work (1), the biphasic concave upward free energy correlations for substituent X variations for 3-7 were rationalized by the attacking direction change from a frontside with the strongly basic pyridines to a backside with the weakly basic pyridines. The difference between 1 [(YC 6 H 4 O)MeP(=S)Cl] and 2 [(YC 6 H 4 O)PhP(=S)Cl] is one ligand, Ph or Me, However, the anilinolysis of 1 showed biphasic concave downward Hammett and Brönsted plots with a break region, 1k which is the only one showing nonlinear free energy correlations among nineteen R 1 R 2 P(=O or S)Cl-type substrates.
1a-l
Furthermore, the deuterium kinetic isotope effects (DKIEs) of 1 involving deuterated anilines (XC 6 H 4 ND 2 ) showed different trends compared to other R 1 R 2 P(=O or S)Cl-type substrates; primary normal DKIEs (k H /k D = 1.03-1.30) with the strongly basic anilines and extremely large secondary In summary, the reactions of Y-O-aryl methyl phosphonochloridothioates with X-pyridines are studied kinetically in MeCN at 35.0 ºC. The Hammett and Brönsted plots for substituent X variations in the nucleophiles are biphasic with a break region between X = H and 3-Cl, while the Hammett plots for substituent Y variations in the substrates are biphasic concave downwards with a break point at Y = H. The stepwise mechanism is proposed on the basis of the ρ X , β X , and ρ XY values as follows: a rate-limiting bond formation involving a backside attack for the stronger nucleophiles and weaker electrophiles; a rate-limiting bond breaking involving a frontside attack for the weaker nucleophiles and electrophiles with the null of ρ XY value; a rate-limiting bond breaking involving a backside attack for the stronger nucleophiles and electrophiles; a rate-limiting bond breaking involving a frontside attack for the weaker nucleophiles and stronger electrophiles with the null of ρ XY value. A combination of small (Me) and large (YC 6 H 4 O) ligands leads to an unexpected results.
Experimental Section
Materials. Y-O-Aryl methyl phosphonochloridothioates were prepared as described previously.
1k GR grade pyridines were used without further purification and all other materials were as reported previously. 153.01, 149.50, 135.80, 132.38, 129.99, 129.69, 123.76, 121.69 (C=C, aromatic) 4.61; N, 4.27. Found: C, 51.92; H, 4.38; N, 4.60. 
